The emergence of antimicrobial resistance among foodbome bacteria associated with food animal production is an important global issue. We hypothesised that antibiotics generate a positive adaptive state in Salmonella that actively contributes to the development of antimicrobial resistance. This is opposed to common views that antimicrobials only act as a passive selective pressure. Microarray analysis was used to evaluate changes in gene expression that occur upon exposure of Salmonella 'enterica Typhimurium ATCC 14028 to 1.6 ILg/mL of nalidixic acid. The results showed a significant (P < 0.02) difference (fold expression differences >2.0) in the expression of 226 genes. Comparatively repressed transcripts included Salmonella pathogenicity islands 1 and 2 (SPIl and SPI2). Induced genes included efflux pumps representing all five families of multidrug-resistance efflux pumps, outer membrane lipoproteins, and genes involved in regulating lipopolysaccharide chain length. This profile suggests both ehanced antimicrobial export from the cell and membrane permeability adaptations to limit diffusion of nalidixic acid into the cell. Finally, increased expression of the error-prone DNA repair mechanisms were also observed. From these data we show a highly integrated genetic response to nalidixic acid that places Salmonella into a positive adaptive state that elicits mutations. Evaluation of gene expression profile changes that occur during exposure to antibiotics will continue to improve our understanding of the development of antibiotic resistance.
INTRODUCTION

Q UINOLONES INCLUDE THE FIRST GENERATION
antibiotic nalidixic acid. In the United States, the incidence of quinolone resistance in Salmonella has remained reasonably low. The National Antimicrobial Resistance Monitoring System (NARMS) of the Centers for Disease Control has indicated that, between 1997 and 2002, resistance levels to nalidixic acid in nonTyphi Salmonella spp. did not exceed 3% of the isolates examined (NARMS, 2004) . Other countries have begun to monitor and report higher incidences of nalidixic acid resistance (Chiu et aL, 2004; Hakanen et aL, 2001 ; Lauderdale et aL, 2006;  Malorny et aL, 2003) . With increased use of antibiotics in clinical and veterinary practice, research is being directed at providing a better understanding of how antibiotic resistance develops.
Quinolones such as nalidixic acid are bactericidal and inhibit the activity of DNA gyrase. DNA gyrase consists of two proteins, GyrA and GyrB, which form an enzymatic complex. DNA gyrase is an important component of the initiation machinery for chromosomal replication and is also involved in DNA segregation and transcription. Gyrase functions to relieve puperhelical stress introduced by the actio~of helicase at replication forks. Qumolone resIstance can be acquired through chromosomal mutations (Hooper, 2001; Jacoby, 2005; Levy et~l., 2004) . Mutations leading to quinolone reSIStance often map in gyrA and gyrB, the genes that encode DNA gyrase, or in pare and parE, which encode topoisomerase IV (Baucheron et al.,2004) . Microarray technology gives us the ability to evaluate the changes that occur in gene expression during exposure to subt~e~a?eutic levels of antibiotics. To study these mItIal genetic modulations, isolates of wild-type S. enterica Typhimurium ATCC 14028, selected because it possesses no known resistance~o antibiotics, were grown in laboratory tryptIc soy broth (TSB) containn:g 1.6 ,u~/mL of nalidixic acid. The changes m expressIOn were determined using microarrays by comparison to expression profiles of the same isolate grown without the drug.
MATERIALS AND METHODS
Microorganism and growth conditions
TSB was inoculated directly from cryostocks (one passage from ATCC 14028) and grown overnight in a rotary (150 rpm) incubator at 35°C. This overnight culture was streaked for isolation onto tryptic soy agar (TSA) plates, followed by overnight incubation at 35°C. Isolated colonies were subsequently inoculated and grown overnight (12 h) in TSB shaken (115 rpm) at 37°C. From this final overnight culture 100,uL (~1 X 10 8 CFU/mL) was used to inoculate 2 separate (treatment and control) 10 mL test tubes containing prewarmed TSB. For treatment samples, the TSB contained 1.6 ,ug/mL of nalidixic acid; for control sa~ples, the TSB contained no antimicrobial but dId contain the vehicle for nalidixic acid. After 5 h shaking incubation (115 rpm) at 37°C, cel~s were harvested into RNAprotect bactena reagent (Qiagen; Valencia, CA) and processef or microarray analyses. Three separate replIcates of this procedure were performed on 2 separate days.
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Microarray design
Using the transcriptome of S. enterica Typhimurium LT2 (McClelland et al., 2001) , we designed an oligonucleotide microarray of 43-45 mers. We were able to choose 1152 genes based on their association with virulence, membrane, stress, quorum sensing, and transcriptional regulation. Specifications of oligonucleotide probe design were similar to those previously described (Charbonnier et al., 2005) . Oligonucleotides were synthesized and normalized in concentration by Integrated DNA Technologies (Coralville, IA). Oligos were resuspended in epoxide spotting solution (Co~n ing; Corning, NY) and printed onto epox~de coated slides (Corning) using a GeneMachme Omnigrid Accent microarray printer (Genomic Solutions; Ann Arbor, MI). Each array also contains duplicate elements for each gene. The arrays' MIAME information is catalogued in the NCBI Gene Expression Omnibus under accession number GPL4058.
Microarray protocol
A total of 6 arrays, each with duplicate elements for each gene, including dye swaps (technical replications), were analyzed to obtain genes that were consistently regulated (false discovery rate [FDR] <0.05) on every array (Table 1) . Thus, a total of 12 spots per gene were evaluated. All procedures were performed according to the protocols of the respective manufacturers. Total RN~wa~.e~ tracted using the RNeasy bactena mImkIt (Qiagen) and DNA was removed using the RNase-Free DNase Set (Qiagen). RNA was quantified using spectrophotometry and quality confirmed by electrophoresis. RNA was labeled with either CyDye3-dCTP or CyDye5-dCTP (Amersham Biosciences) using the LabelStar kit (Qiagen) and random nonamers (Sigma-Aldrich; St. Louis, MO). Labeled cDNA was hybridized to the microarray using Pro~to universal hybridization kit and the short olIgo hybridization solution (Corning).
Microarray analyses
Microarray images were captured using a GenePix 4000B (Molecular Devices; Union City, CA) laser scanner and images were processed GI, Gene Index number of the genetic sequence from which the associated microarray element was designed; Pvalue B-H, statistically significant differentially regulated genes following the Benjamini and Hochberg correction.
using GenePix 6.0 software. Analyses were performed using Acuity 4.0 software. Slides were normalized using standard methods (ratiobased and LOWESS print-tip normalization).
Data were analyzed based on LOWESS M log ratio values. Student's t-test was used to derive P values. These P values were corrected for FDR at 5% (Benjamini and Hochberg, 1995). 194 Genes were included in the final dataset that exhibited at least 2.0-fold regulations. A supplemental data file for genes with P < 0.05 and fold regulation greater than 1.5 can be found at liru. ars. usda. gov/ microarrays.htm.
Quantitative PCR
A total of 8 randomly chosen, differentially transcribed, genes were used to validate the microarray results using qRT-PCR. QuantiTect SYBR Green RT-PCR kit (Qiagen) was used according to the manufacturer's suggested protocols. The same RNA samples were used for microarray and subsequent qRT-PCR. The reactions were performed on an ABI Prism 7500 sequence detection system (PE Applied Biosystems) and results analyzed with the built-in functions of the software (v. 1.3). Using relative quantification procedures normalized with 16S rRNA, the predicted fold differences in relation to Salmonella grown in nalidixic acid were determined for each of the genes. Comparison of the qRT-PCR results with the microarray data provided correlation with the expression results of the microarrays. For estimates based on log ratio and LOWESS M log ratio, the correlation coefficients, when compared to qRT-PCR results, were 1.0 and 0.8, respectively (Table 2) . DOWD ET AL. tology terms (Ashburner et al., 2000) , KEGG pathways (Ogata et al., 1999) , and COG (Tatusov et al., 2003) , using the High Throughput Gene Ontology and Funcational Annotation Toolkit (HTGOFAT; liru.ars.usda.gov) (Dowd, 2005) and the Database for Annotation, Visualization, and Integrated Discovery (DAVID) (Dennis et al., 2003) . To accomplish this, regulated genes (P < 0.05) were mapped to UniProt accession numbers and Gene Index numbers using HTGOFAT. These UniProt accessions were then entered into the DAVID website (david.abcc.ncifcrf.gov) to evaluate functional clustering and functional category enrichments, with S. Typhimurium as the background genome.
Statistical analyses
Statistics algorithms built into Acuity 4.0 were used for analyses related to microarrays. Built-in algorithms of the ABI Prism 7500 sequence detection system were used for all calculations related to qRT-PCR. Built-in algorithms of the DAVID functional annotation tool were used to evaluate clustering and categorization statistics. Correlation analyses were performed using the multivariate analysis functions of JMP 5.1 (SAS Institute). 
RESULTS AND DISCUSSION
Microarray results overview
The mmlmum inhibitory concentration (MIC) of most quinolones for susceptible strains without mutations in the gyrA or parC genes is typically between 6-10 ,ug/mL in Enterobacteriaceae. The strain of S. enterica used in this study was susceptible to this MIC range and showed no mutations in gyrAB or parCE genes on sequencing (data not shown). Comparison of the S. enterica Typhimurium gene expression profile when grown in the presence of nalidixic acid at 1.6 ,ug/mL, to that of the same strain grown without nalidixic acid, revealed statistically significant differential expression (P < 0.014; fold regulation >2.0) of 226 genes.
Additional genes that showed trend and statistically significant regulation, as well as additional functional data, can be evaluated in a supplementary data file found at liru.ars. usda.gov /microarrays. S. enterica cultures responded to the subtherapeutic antibiotic challenge by modifying expression of genetic systems, including SPIl and SPI2 type III secretion systems (repressed), error-prone DNA repair mechanisms (induced), LPS (induced),lipoprotein (induced), and a wide range of efflux pumps (induced). The most highly induced genes included a DNA damage inducible protein (dinI), error-prone repair protein (umuC), two cytoplasmic proteins, a component of the flaggelar export apparatus (jlin, and an outer membrane lipoprotein (yiaF).
Bioinformatics
Clustering of various functional classification systems based on fuzzy heuristics as calculated using DAVID (enrichment scores>1.3) provided efficient characterization of the data. Repressed functional clusters showed enrichment in virulence systems that are associated with the outer membrane signal peptides, transmembrane proteins, and fimbria (Table 3) . Induced functional clusters showed enrichment in SOS DNA repair systems and flagella/motility systems (Table 4) . Functional mappings to SwissProt and PIR keywords (Wu et al., 2002) , using Fisher exact statistics as calculated using DAVID, showed enrichment (P < 0.05) in several key categories (Table 5) .
PIR keyword enrichment (P = 0.0) revealed 36 genes mapped to those encoding membraneassociated proteins (including outer-, inner-, and trans-membrane related genes). Other PIR keyword categories that were enriched included DNA-binding, SOS response, cell division, and DNA damage related genes.
Efflux
There are five families of multidrugresistance (MDR) efflux pumps: ATP-binding cassette (ABC), major facilitator superfamily (MFS), multidrug and toxic-compound extrusion (MATE), small multidrug resistance (SMR), and the resistance nodulation division (RND) family. In response to nalidixic acid, a diverse array of efflux pumps is induced, including members of all five of these families.
AcrAB-tolC is a member of the RND family and has been noted to contribute to quinolone Clustering results of the repressed genes of the microarray study are mapped to a variety of functional annotation categorization schemes. This clustering is based on fuzzy heuristics according to kappa statistics as described by Dennis Jr. et al., 2003 . P values are based on Fisher exact scores. The number of all mapped genes that fall within each functional category is shown. The enrichment score assigned to each of the functional clusters is a ranking of biological significance. resistance (Fralick, 1996; Ma et aL, 1993 Ma et aL, , 1994 . The TolC (induced) protein along with AcrA (induced) and AcrB form a continuous protein pore that expels toxins from the cell (Fralick, 1996) and tends to have low substrate specificity. Hyperexpression of acrAB-tolC has been shown to confer resistance to many agents, including nalidixic acid (Nikaido, 1998) . The efflux pump-encoding gene emrA, which belongs to the MFS family, is also induced. EmrA is a cation efflux pump that has been shown, along with EmrB and TolC, to confer resistance to nalidixic acid and other antimicrobial agents. A mutation in the repressor of these genes, emrR, has been shown to lead to increased expression of emrAB, which confers increased resistance to antimicrobial agents. It has also been shown that nalidixic acid induces expression of the emrAB genes (Lomovskaya et aL, 1995) , which then act to remove nalidixic acid from the cytoplasm.
Other genes that are part of the MDR efflux pump families and have been implicated in antibiotic resistance include a potassium transporter, sapG (induced) of the ABC family. DinF (dinLFP genes are all induced) has previously been characterized as part of the MATE family (Saier et aL, 2001) . The mdfA transcript (induced) encodes a multidrug translocase and has been shown to confer resistance to a wide range of substances, including fluoroquinolones (Edgar et aL, 1997) . The PIR keywords shown to be statistically en:iched within the dataset based on F-statistics are shown. The number of genes from the statistically regulated data set (P < 0.05) that could be mapped to specific PIR keywords is shown. P value, which provides the relative significance of the regulated functional categorization, is based on Fisher exact tests (Dennis Jr et al., 2003) , calculated using the Salmonella genome as a background.
Error-prone repair
The microarray data reveal that a comprehensive set of genes involved in error-prone repair, including umuDC and recA, are highly induced. The umu operon is reported to be the last operon induced during the SOS response and is under the control of the LexA repressor and RecA, both of which are also induced. RecA cleaves and inactivates the repressor but also cleaves and subsequently activates the umuD gene product (Peat et aL, 1996) . The end result of umu operon activation is the formation of a dimeric UmuD' and UmuC complex (Bruck et aL, 1996) . It is this complex that works together with RecA and DNA polymerase III to facilitate error-prone DNA repair, which promotes the potential for mutations (KoffelSchwartz et aL, 1996) . Nalidixic acid is known to induce DNA damage. Nalidixic acid was shown to induce sulA (4-fold), which is usually the most tightly repressed of the SOS genes. Induction of uvrA (5-fold increase), uvrB (3-fold increase), uvrD, ruvAB, and lexA (2.5-fold increase) also fit the error-prone DNA repair profile (Schnarr et aL, 1991) . These results clearly show that even with low-level nalidixic acid exposure in S. enterica there is a dramatic induction of error-prone repair functions, promoting a mutator phenotype (positive adaptive state) and increasing the potential for the development of antibiotic resistance.
Virulence
Forty-three virulence-associated genes were differentially regulated. Of these, 37 (86%) were repressed following exposure to nalidixic acid.
Of the 5 virulence-related genes (hha sigma 28 ifliA), ychF, bigA, hype, and pagD) that were induced, hha encodes a noted global repressor of virulence genes. A comprehensive set of virulence genes from both Salmonella pathogenicity islands 1 and 2 (SPIl and SPI2) were highly repressed upon exposure to nalidixic acid. SPIl expression is primarily associated with the invasion phenotype of Salmonella while SPI2 corresponds to its intracellular phenotype (Bispham et aL, 2001) .
There also appears to be a connection between virulence genes and error-prone DNA repair. HilDC (not shown to be regulated) is a well characterized transcriptional regulator that promotes expression of SPIl (Akbar et aL, 2003; Ellermeier et aL, 2005; Lucas et aL, 2001; Olekhnovich et aL, 2002) . However, in addition to this well described control of SPIl, there is evidence that the csr regulatory system of Salmonella is also involved in control of SPIl expression. This system consists of the posttranscriptional regulator encoded by csrA (induced) and an untranslated repressor RNA csrB (not regulated) (Fortune et aL, 2006) . Overexpression of csrA has been shown to result in greater than 100-fold decreases in both invasion phenotype and SPIl expression (Suzuki et aL, 2002) . A link between the csrA/csrB regulatory system and the uvrY (sirA)jbarA two-component regulatory system has been found in Escherichia coli (Oshima et aL, 2002), which 198 could provide the logical connection between the repression of SPIl and the induction of error-prone DNA repair. Also, ptrB (induced), which encodes a protease II, may be linked to resistance to rifampin (Blanc et al., 1995) . What may be most interesting is the induction of type III secretion systems in ptrB null mutant strains, suggesting that PtrB is a type III secretion system repressor (Wu et al., 2005 ) that appears to be activated by nalidixic acid promoting repression of SPIl and SPI2.
Lipopolysaccharides and lipoproteins
The outer membrane of gram-negative bacteria contributes to antibiotic resistance by reducing permeability (Braoudaki et al., 2005) . Nine outer membrane lipoprotein-encoding genes were shown to be induced. Also induced were genes involved in LPS assembly and length modification (rfbI, rfbU, rjaB, rjaQ, wzzB, wzzE) . It has been shown that modifications in lipoproteins and the length of lipopolysaccharide chains can decrease the permeability of the outer membrane, improving resistance to antibiotics (Giraud et al., 2000; Murray et al., 2005) . Thus, when combined with an increase in efflux mechanisms, a decrease in permeability would dramatically enhance natural resistance (Nguyen Van and Guttman, 1994) .
CONCLUSION
This study evaluated the gene expression profile of S. enterica Typhimurium ATCC 14028 grown in the presence of a subtherapeutic level (1.6 ,ug/mL) of the antibiotic nalidixic acid. Repressed were virulence factors associated with invasion phenotype (SPIl) and intracellular phenotype (SPI2). A wide variety of efflux systems representing members from all 5 of the multidrug exporter superfamilies were induced. Finally, there was increased expression of lipoproteins and genes involved in regulating the length of lipopolysaccharide chains, which may reduce membrane permeability. Together, increases in efflux and decreases in membrane permeability contribute to the ability of S. enterica to grow in the presence of subtherapeutic levels of nalidixic acid. Finally, Sal-DOWD ET AI. monella exposure to nalidixic acid also induces error-prone repair mechanisms, which are known to increase mutation rates. Induction of efflux pump-encoding genes together with error-prone repair systems provide mechanisms that contribute to short-term, and the possible development of long-term, resistance to the antibiotic, contributing to the concept of positive adaptive state.
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